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Highlights 
 An ORC has been tested with HCFO-1233zd-E and HFC-245fa as working fluids. 
 
 The evaluation was based on equal superheating at the volumetric expander inlet. 
 




In this work an experimental evaluation of the working fluid HCFO-1233zd-E as HFC-
245fa replacement in ORC systems for low temperature heat sources has been 
conducted. A fully monitored ORC module has been used to test both working fluids at 
different operating conditions. Due to the different densities of the working fluids, the 
mass flow rate for HCFO-1233zd-E is approximately 20% lower than for HFC-245fa. 
This causes thermal and electrical powers to be lower for HCFO-1233zd-E than for 
HFC-245fa. However, net electrical efficiency is similar for both working fluids, 
ranging from 5% to 9.7% in the tested operating conditions. Regarding the expander 
performance, various performance indicators are addressed. The expander isentropic 
performance has a maximum value of 75%, with higher values for HCFO-1233zd-E 
than for HFC-245fa. The overall efficiency of the expander, similar for both working 
fluids, ranges from 44% to 57% in the experimental test range. 
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h specific enthalpy (J/kg) 
m  mass flow rate (kg/s) 
r ratio (-) 
P pressure (bar) 
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Q  thermal power (W) 
T temperature (ºC) 
v specific volume (m
3
/h) 
V  volumetric flow rate (m
3
/h) 




ε efficiency (-) 

























CHP Combined Heat and Power 
GWP Global Warming Potential 
HCFO HydroChloroFluoroOlefin 
HFC HydroFluoroCarbon 
ODP Ozone Depletion Potential 





Due to environmental constrains, the Organic Rankine Cycle (ORC) has been attracting 
increasing attention over the past decades. Unlike the traditional steam Rankine cycle, it 
uses an organic substance as working fluid instead of water, being able to work with 
low temperature heat sources in both power and Combined Heat and Power (CHP) 
applications [1]. Several ORC systems have been installed for recovering waste heat 
from cement [2] or oil industry [3] operations or from internal combustion engines [4]. 
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ORC systems have also been widely used for converting renewable energy, such as 
solar [5], biomass [6] and geothermal [7], energy into power. 
 
The choice of the ORC working fluid has an important influence on the system 
efficiency. Shale et al. [8] and Shengjun et al. [9] evaluated various working fluids for 
low temperature applications, highlighting that hydrocarbons with low critical 
temperatures, such as HFC-134a and HFC-245fa, are suitable. Moreover Quoilin et al. 
[10] highlighted that HFC-245fa is a common working fluid in commercial ORC 
installations, mainly used in waste heat recovery from low temperature heat sources. 
Additionally they observed that, at the present time, most commercial ORC plants 
exhibit a simple architecture: sub-critical working conditions, single-component 
working fluids, single evaporation pressure, and possible use of a recuperator heat 
exchanger. Regarding expansion technology, Peris et al. [11] indicates that the 
volumetric expander type is most appropriate for low grade heat sources and small scale 
applications. 
 
Therefore, various experimental studies have been carried out in the literature with ORC 
systems with the previous mentioned characteristics for low temperature heat sources. 
Bracco et al. [12] tested a small-size ORC prototype using HFC-245fa as working fluid 
and a scroll volumetric expander achieving a net cycle electrical efficiency around 8% 
and a gross electrical power of 1.5 kW. Declaye et al. [13] characterized an oil-free 
scroll volumetric expander using HFC-245fa as working fluid, showing that the cycle 
could produce up to 50ºC of useful heat and a maximum shaft power and cycle 
efficiency of 2.1 kW and 8.5%, respectively. Peris et al. [14] characterized 
experimentally an ORC for micro-scale CHP applications, achieving a maximum 
electrical net power of 5.6 kW and a maximum net electrical efficiency of 8.8%. 
 
Attending to environmental issues, HFC-245fa is a hydrofluorocarbon (HFC) with zero 
Ozone Depletion Potential (ODP). However, the environmental impact of a working 
fluid, when it escapes to the atmosphere, is not limited to stratospheric ozone layer 
depletion. In fact, while all HFCs are harmless to the earth’s stratospheric ozone layer, 
some HFCs with large Global Warming Potential (GWP) could contribute significantly 
to climate change. HFCs were designated as greenhouse gases under the Kyoto Protocol 
in 1997 [15] and they are currently targeted by efforts to reduce greenhouse gas in most 
developed countries. As a result, alternatives are sought for high GWP HFCs, such as 
HFC-245fa, which has a GWP of 858 [16]. HCFO-1233zd-E, a hydrochlorofluoroolefin 
(HCFO) with a GWP of 1 [16], has been proposed as a low GWP alternative to replace 
HFC-245fa in various applications, including ORC systems [17]. Despite the presence 
of chlorine in the molecule of HCFO-1233zd-E some studies have concluded that its 
ODP is an extremely small value (of 0.00034) due to its very short atmospheric lifetime 
[18]. Molés et al. [19] studied theoretically the performance of ORC systems using 
HCFO-1233zd-E as alternative to HFC-245fa for low temperature heat sources, 
concluding that this working fluid is predicted to have an attractive performance, being 
benefitted substantially its efficiency by the use of a recuperator. 
 
In order to validate the promising performance of HCFO-1233zd-E as drop-in 
alternative working fluid in existing systems, the present work address an experimental 
evaluation of HCFO-1233zd-E as HFC-245fa replacement in a fully monitored micro-
scale ORC system using low temperature heat sources. The rest of the paper is 
organized as follows: Section 2 describes the experimental setup; Section 3 presents the 
Page 3 of 20
4 
 
experimental procedure and data validation; Section 4 reports and discusses the main 
results; finally, Section 5 summarizes the main conclusions. 
 
2. Experimental setup 
 
The experimental tests are carried out in a monitored test bench that consists of a 
commercial ORC module [20] using HFC-245fa and HCFO-1233zd-E as working 
fluids. This ORC uses a regenerative configuration, shown in Fig. 1, that allows not 
only recovering the thermal energy from the heat source, but also the waste heat from 
the expander outlet, improving the cycle electrical efficiency. Other features of the 








The test bench is completed with two secondary circuits, a heat sink water loop and a 
heat source thermal oil loop. The heat sink water loop consists of a closed-type cooling 
system, which allows controlling the temperature of the water. The heat source thermal 
oil loop is composed by an electrical boiler, which allows controlling the temperature of 
the thermal oil. 
 
The thermodynamic states of the working fluid are calculated using REFPROP [21], 
measuring pressure and temperature at the inlet and outlet of each bases component of 
the test facility, using K-type thermocouples and piezoelectric pressure gauges. The 
working fluid mass flow rate is measured by means of a Coriolis effect mass flowmeter, 
the heat sink water loop volumetric flow rate is measured with an electromagnetic 
flowmeter and the heat source thermal oil loop volumetric flow rate is measured with a 
Vortex flowmeter. The electrical power generated by the expander and the electrical 
power consumed by the pump are obtained with two digital wattmeters. Finally, all the 
measurements are gathered with a data acquisition system and monitored through a 
personal computer. 
 
A summary of the measured parameters and the sensors used in this work is presented 





3. Experimental procedure and data validation 
 
3.1. Experimental steady-state tests 
 
In order to be able to evaluate the working fluid HCFO-1233zd-E as HFC-245fa 
replacement, the commercial ORC module has been tested with both working fluids in 
the operating range expected using low grade temperature heat sources. In this way, the 
water inlet temperature has been set in three different values, while the water and 
thermal oil volumetric flow rates have been kept constant. The thermal oil inlet 
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temperature has been varied from 140ºC to more than 155ºC. The superheating at the 
expander inlet has been maintained constant at 25ºC. The experimental data consist of 
160 steady-state tests, which are represented in Fig. 2, obtained in a wide range of 
operating conditions, as shown in Table 3, which have been used to characterize the 








The process of selecting a steady state consists of taking a time period of 15 min, with a 
sample period of 1 s, in which the measured parameters were within a fluctuation range 
lower than 1% on each variable. Once a steady state was achieved (with 900 direct 
measurements), the data used as a steady-state test is obtained averaging over a time 
period of 10 min (600 measurements). 
 
3.2. Data management 
 
For the analysis of the experimental data obtained during steady-state tests various 
equations have been used. 
 
The thermal power removed by the working fluid at the evaporator is obtained as the 
product of the working fluid mass flow rate and the enthalpy difference between the 
evaporator inlet and outlet, as shown in Eq. 1. Similarly, the thermal power supplied by 
the working fluid at the condenser is obtained through Eq. 2. 
 
  , , ,wf evap evap o evap iQ m h h   (1) 
 
  , , ,wf cond cond i cond oQ m h h   (2) 
 
The net electrical power output is calculated using Eq. 3 from the measured electrical 
power generated by the expander and the measured electrical power consumed by the 













   (4) 
 
Regarding to the expander, various performance ratios are addressed. The isentropic 
efficiency is obtained through Eq. 5 as the ratio between the enthalpy difference in the 
real expansion process and the isentropic enthalpy difference in the ideal expansion 
process. The relationship between the measured electrical power generated by the 
expander and the maximum that could be ideally obtained in an isentropic expansion 
process is defined as the overall efficiency, by Eq. 6. The volumetric performance of the 
expander is represented as the ratio between the calculated volumetric flow rate and the 
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theoretically displaced by the expander, named filling factor [23], by Eq. 7. Other 
parameters calculated and used for the analysis are the pressure ratio in the expander, 





exp i exp o
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  (9) 
 
3.3. Propagation of errors in the estimated parameters 
 
To have a general understanding on the associated uncertainty with the parameters 
calculated from measurements, the characteristic parameters uncertainty propagation is 





3.4. Data validation 
 
In order to check the accuracy of the measurements, a comparison between the thermal 
power removed by the working fluid and the thermal power supplied by the thermal oil 
at the evaporator is carried out. In the same way, a comparison between the thermal 
power supplied by the working fluid and the thermal power removed by the water at the 




The thermal power supplied by the thermal oil at the evaporator is obtained through Eq. 
10 using the thermal oil volumetric flow rate, the temperatures at the evaporator inlet 
and outlet and the thermal oil properties at the operating conditions. Similarly, the 
thermal power removed by the water at the condenser is obtained through Eq. 11. 
 
  , , ,oil evap oil p oil i oil oQ V c T T   (10) 
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  , , ,w cond w p w o w iQ V c T T   (11) 
 
4. Results and discussion 
 
From the experimental data obtained during tests an analysis has been conducted, whose 
results are exposed and discussed in this section. 
 
Fig. 4a shows that the mass flow rate of the working fluid of the ORC increases with the 
thermal oil inlet temperature and it is related with the density at the expander inlet, 
presented in Fig. 4b, due to the constant superheating at the volumetric expander inlet. 
Density at the expander inlet and mass flow rate are approximately 20% lower for 
HCFO-1233zd-E than for HFC-245fa. There is no significant difference in the 
evaporating temperatures for both working fluids, as can be appreciated in Fig. 4c. 
However, condensing temperatures are slightly lower for HCFO-1233zd-E than for 
HFC-245fa, as can be shown in Fig. 4d, due to the different mass flow rates through the 
condenser. As expected, evaporating temperatures are related with the thermal oil inlet 





Due to the different mass flow rates of the working fluids, thermal and electrical powers 
presented in Fig. 5 are higher for HFC-245fa than for HCFO-1233zd-E. Therefore, 
thermal power input presented in Fig. 5a ranges from 8400 W to 12000 W for HFC-
245fa and from 6900 W to 9900 W for HCFO-1233zd-E. Thermal power input 
increases with the thermal oil inlet temperature and slightly decreases with the water 
inlet temperature. Similar trend is observed for the thermal power output, as can be 
shown in Fig. 5b. Fig. 5c shows the electrical power generated by the expander for both 
working fluids. Maximum electrical power generated by the expander is 1340 W for 
HFC-245fa and 1175 W for HCFO-12233zd-E. As expected, electrical power generated 
by the expander is higher for high thermal oil inlet temperatures and low water inlet 
temperatures. The electrical power consumed by the pump, presented in Fig. 5d, 
increases with the thermal oil inlet temperature. Fig. 5e shows the net electrical power 
output that achieves a maximum value of 1090 W for HFC-245fa and 960W for HCFO-
1233zd-E. The net electrical efficiency is similar for both working fluids, as can be 
shown in Fig. 5f. As expected, it increases with the thermal oil inlet temperature and 





Regarding the expander performance, Fig. 6 shows its performance indicators. Fig. 6a 
presents the volume ratio of the working fluid through the expander, similar for both 
working fluids, that ranges between 5 and 9. The volumetric performance of the 
expander is analyzed by means of the filling factor, with values around 1.375 for both 
working fluids, as can be shown in Fig. 6b. The isentropic performance is presented in 
Fig. 6c, with a maximum value of 75%. HCFO-1233zd-E presents higher values of 
isentropic efficiency than HFC-245fa. This could be due to the lower pressure losses on 
the expander ports for HCFO-1233zd-E as it works with lower mass flow rates. Fig. 6d 
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shows the overall efficiency of the expander, similar for both working fluids, ranging 






This work has conducted an experimental evaluation of the working fluid HCFO-
1233zd-E as HFC-245fa replacement in ORC systems for low temperature heat sources. 
For this, a regenerative ORC module has been tested with both working fluids and 
different operating conditions, simulating a low temperature heat source with inlet 
temperatures varying from about 140ºC to more than 155ºC. In this way, 160 steady-
state tests have been achieved and analyzed. 
 
Evaporating temperatures are similar for both fluids, due to the constant superheating at 
the volumetric expander inlet, resulting in different densities at the expander inlet. Due 
to the different densities of the working fluids at the expander inlet, the mass flow rate 
for HCFO-1233zd-E is approximately 20% lower than for HFC-245fa. This causes 
thermal and electrical powers to be lower for HCFO-1233zd-E than for HFC-245fa. The 
thermal power input presents a maximum value of 12000 W for HFC-245fa and 9900 
W for HCFO-1233zd-E. Similarly, net electrical power output presents a maximum 
value of 1090 W for HFC-245fa and 960W for HCFO-1233zd-E. However, net 
electrical efficiency is similar for both working fluids ranging from 5% to 9.7% in the 
operating test range. 
 
The evaluation was based on equal superheating at the volumetric expander inlet with 
similar evaporating and condensing temperatures. Although it is found that HCFO-
1233zd-E results in lower thermal and electrical powers than for HFC-245fa, HCFO-
1233zd-E can operate at higher evaporating temperature and lower superheating. At this 
operating condition, higher thermal and electrical powers could be expected. 
 
Regarding the expander performance, various performance indicators are addressed. 
The volumetric performance of the expander is analyzed by means of the filling factor, 
with values around 1.375 for both working fluids. The isentropic performance has a 
maximum value of 75%. HCFO-1233zd-E presents higher values of isentropic 
efficiency than HFC-245fa. This could be due to the lower pressure losses on the 
expander ports for HCFO-1233zd-E as it works with lower mass flow rates. The overall 
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Fig. 2. Thermal oil and water inlet temperatures obtained during steady-state tests. 
 





Fig. 3. Data validation comparing working fluid and secondary fluids thermal power at 
the evaporator and condenser. 
 









Fig. 4. (a) Mass flow rate, (b) density at expander inlet, (c) evaporating temperature and 
(d) condensing temperature. 
 










Fig. 5. (a) Thermal power input, (b) thermal power output, (c) electrical power 
generated by the expander, (d) electrical power consumed by the pump, (e) net electrical 
power output and (f) net electrical efficiency. 
 








Fig. 6. (a) Volume ratio, (b) filling factor, (c) isentropic efficiency and (d) overall 
efficiency. 
 




Table 1. Commercial ORC module features. 
 
Alternator rated power (kW) 1.5 
ORC configuration Regenerative 
Working fluid HFC-245fa 
Expander technology Volumetric 
Heat exchangers type Brazed plate 
Maximum thermal oil inlet temperature (ºC) 160 
Maximum water inlet temperature (ºC) 45 
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Table 2. Measured parameters and equipment uncertainty. 
 
Measured parameter Sensor Uncertainty 
Temperatures K-type thermocouples ±0.5 ºC 
Pressures Piezoelectric pressure transducers ±0.5 kPa 
Working fluid mass flow rate Coriolis mass flow meter ±0.3% 
Electrical power Digital wattmeter ±1.55% 
Thermal oil volumetric flow rate Vortex flow meter ±0.028 m
3
/h 
Water volumetric flow rate Electromagnetic flow meter ±0.5% 
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Table 4. Uncertainties for calculated parameters. 
 
Calculated parameter Uncertainty 
,exp i
  ±1.72% 
evap
T  ±0.62% 
cond
T  ±1.61% 
i
Q  ±0.61% 
o
Q  ±0.80% 
n
W  ±2.29% 
n
  ±2.35% 
p
r  ±2.08% 
v
r  ±2.46% 
  ±1.91% 
is
  ±5.51% 
ov
  ±3.69% 
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